؉ T cells to the control of tuberculosis has been studied primarily during acute infection in mouse models. Memory or recall responses in tuberculosis are less well characterized, particularly with respect to the CD8 T-cell subset. In fact, there are published reports that CD8 ؉ T cells do not participate in the memory immune response to Mycobacterium tuberculosis. We examined the CD8 ؉ T-cell memory and local recall response to M. tuberculosis. To establish a memory immunity model, C57BL/6 mice were infected with M. tuberculosis, followed by treatment with anti-mycobacterial drugs and prolonged rest. ؉ and CD8 ؉ T cells in the lungs of immune mice expressed the activation marker CD69 and could be restimulated to produce gamma interferon (IFN-␥). In contrast, <6% of T cells in the lungs of naive challenged mice were CD69
Control of acute tuberculosis in mice involves participation of CD8
ϩ T cells (6, 22, 37) , although a recent publication argues for a more important role for this subset in control of persistent infection (38) . Recent studies on the development and activation of mycobacterium-specific CD8 ϩ T cells have indicated that substantial numbers of activated CD8 ϩ T lymphocytes with both cytokine-secreting and cytotoxic functions are present in the lungs during the acute phase of infection in mice (13, 19, (33) (34) (35) . However, whether this acute response culminates in the development of memory CD8 ϩ T-cell populations that can respond robustly to a secondary Mycobacterium tuberculosis challenge is not clear. It is believed that a proper memory response develops after an infection is cleared. CD8 ϩ T cells play a prominent role during memory immune responses in intracellular bacterial infections with Listeria monocytogenes (11) and Chlamydia pneumoniae (31) . In the mouse model and in humans, M. tuberculosis can be a persistent or latent infection. To study the memory response in this infection, it is useful to first reduce or eliminate the bacterial burden in the mouse tissues. It has been reported that the treatment of infected mice with antibiotics leads to the development of an immune response capable of reducing the bacterial burden after challenge (4) . The major role in combating bacterial challenge during memory immune responses so far has been attributed exclusively to CD4 ϩ T cells (4) . Earlier studies have argued against the participation of memory CD8
ϩ T cells in the recall immune responses in a murine model of tuberculosis (3, 4, 30) . However, the development of a memory CD8 ϩ T-cell population during M. tuberculosis infection is supported by the findings that mycobacterium-specific gamma interferon (IFN-␥)-secreting and cytolytic CD8
ϩ T cells can be cultured from the peripheral blood of healthy PPD ϩ individuals (12, 25, 26, 28) . The failure to detect memory M. tuberculosis-specific CD8 ϩ T cells in a number of murine studies appears to be in discordance with the fact that strong CD8 ϩ T-cell mediated immune responses are elicited during the acute stages of the infection (19, 33, 34) . Previous studies did not examine lung specific responses or used methods to test T-cell responses that might not provide data about the CD8 ϩ T-cell subset. The participation of CD8 ϩ T cells in the recall response to M. tuberculosis challenge is important in terms of rational vaccine development and design. Given the recent data on CD8 ϩ T-cell responses during acute infection and newer tools for analyzing T-cell responses in the lungs, we revisited this important question. We hypothesized that acute infection of mice with M. tuberculosis culminates in the development of both CD4 ϩ and CD8 ϩ memory T cells and that both subsets of memory lymphocytes actively participate in the immune response upon secondary infection of immune mice. We present data indicating that memory CD8 ϩ T cells mobilized rapidly to the lungs during secondary M. tuberculosis infection and became activated to an extent similar to that of CD4 ϩ T cells. Our results indicate that significant percentages of both CD4 ϩ and CD8
ϩ T cells producing IFN-␥ appear in the lungs of rechallenged mice as early as 1 week postinfection. CD8
ϩ T cells present in the lungs of challenged mice lysed M. tuberculosis-infected macrophages, suggesting that CD8 ϩ T cells con-tribute to memory immunity by a combination of cytokine production and cytotoxicity.
MATERIALS AND METHODS
Mice. Eight-to ten-week-old female C57BL/6 mice (Charles River Laboratories) were used and maintained in specific-pathogen-free Biosafety Level 3 facilities. All experimental and animal handling procedures were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh School of Medicine.
Bacteria and infections. M. tuberculosis (Erdman strain; Trudeau Institute, Saranac Lake, N.Y.) was passed through mice, grown in culture once, and frozen in aliquots. Before infection, an aliquot was thawed, diluted in phosphate-buffered saline (PBS) containing 0.05% Tween 80, and sonicated for 10 s in a cup horn sonicator. Mice were infected intravenously (i.v.) via tail vein with 2 ϫ 10 5 live bacilli in 100 l or by aerosol with approximately 100 live bacilli as determined by viable counts on 7H10 agar plates (Difco Laboratories, Detroit, Mich.). For aerosol infections, an Intox Products (Albuquerque, N.M.) nose-only exposure system was used as previously described (33); 10 7 CFU/ml were placed in the nebulizer and mice were exposed for 20 min, followed by 5 min of air only. This results in the deposition of 30 to 100 CFU/lung. For all studies, three to four mice per time point were used, and each experiment was performed at least twice.
Antibiotic treatment. The antibiotics were administered in the drinking water as a solution of 0.1 g of isoniazid (Sigma, St. Louis, Mo.) and 15 g of pyrazinamide (Acros Organics) per liter. The antibiotic-containing water was changed twice weekly for the duration of 2 months.
CFU determination. Organs were homogenized in PBS containing 0.05% Tween 80, and dilutions were plated on 7H10 agar (Difco). Plates were incubated at 37°C in 5% CO 2 , and colonies were enumerated after 18 to 21 days.
Culture and infection of DC and macrophages. Dendritic cells (DCs) and macrophages were grown from murine bone marrow precursors and cultured for 5 days using methods previously described (34) . For macrophage infection, adherent cells were washed twice with ice-cold PBS (Life Technologies, Grand Island, N.Y.), and media were added containing Dulbecco modified Eagle medium (DMEM), 10% certified fetal bovine serum (FBS), 1 mM sodium pyruvate, and 2 mM L-glutamine (Life Technologies). For DC infection, nonadherent cells were harvested, adjusted to 0.5 ϫ 10 6 cells/ml in DC media containing recombinant murine granulocyte-macrophage colony-stimulating factor and dispersed into 25-cm 2 culture flasks (Costar, Cambridge, Mass.) for infection. For infection of antigen-presenting cells, frozen aliquots were used to start cultures at a concentration of 2.5 ϫ 10 6 /ml in liquid medium (7H9 Middlebrook; Difco, Detroit, Mich.); bacteria were grown in 5% CO 2 at 37°C. Four to six-day-old cultures were used to infect cells. Bacteria were washed, resuspended in DMEM medium (Life Technologies), and sonicated for 15 s prior to infection of cell cultures. Cells were infected at a multiplicity of infection (MOI) of 3 to 5; extracellular bacteria were separated from cells by low-speed centrifugation (DCs) or by washing adherent cells twice with PBS (macrophages). After 18 to 36 h of infection, cells were incubated for 10 min on ice and then harvested by forceful pipetting. The percentage of infection was estimated in each experiment by staining aliquots of cells by the Kinyoun method for acid-fast bacteria (Difco). Routinely, 40 to 55% of DCs and 60 to 85% of macrophages were infected.
FACS analysis of cell surface markers. Lung cells were obtained from mice infected for various periods of time by crushing the organs in cell strainers (Becton Dickinson Labware, Lincoln Park, N.J.) to obtain single cell suspensions. Red blood cells were lysed with NH 4 Cl-Tris solution, and cells were washed twice. Cells were stained for cell surface markers using antibodies against CD8 (CyChrome Ab clone 53-6.7), CD4 (CyChrome Ab, clone H129.19), CD44 (fluorescein isothiocyanate [FITC] Ab, clone IM7), CD25 (phycoerythrin [PE] Ab, clone PC61), and CD69 (FITC Ab, clone H1.2F3) in PBS containing 20% mouse serum, 0.1% bovine serum albumin, and 0.1% sodium azide for 30 min at 4°C. All antibodies were used at 0.2 g/10 6 cells and were obtained from PharMingen (San Diego). Cells were fixed with 4% paraformaldehyde for 4 to 15 h and analyzed by fluorescence-activated cell sorter (FACS) analysis using CellQuest software (Becton Dickinson Immunocytometry Systems, San Jose, Calif.). Cells were gated on the lymphocyte population by size and forward and side scatter.
Intracellular staining. Single cell suspensions of lungs at various times postinfection were prepared as described above. Staining for intracellular cytokines was performed as described previously (34) . Briefly, cells were either stimulated with anti-CD3 (clone 145-2C11, 0.1 g/ml) and anti-CD28 (clone 37.51, 1 g/ml) antibodies (PharMingen) or left unstimulated for 5 to 6 h in the presence of 3 M monensin (Sigma Chemicals, St. Louis, Mo.). At the end of stimulation period, cells were stained for CD4 and CD8, fixed, permeabilized, and stained for intracellular IFN-␥ (PE Ab, clone XMG1.2; PharMingen).
Culture of lung cells for CTL assays. Lung cells from infected mice were obtained as described above and plated in 96-well U-bottom plates (Corning Incorporated, Corning, N.Y.) in DMEM supplemented with 10% certified FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 25 mM HEPES (Life Technologies), 50 M 2-mercaptoethanol (Sigma), 30 g of gentamicin (GIBCO-BRL, Gaithersburg, Md.) per ml, 15 to 20 U of murine recombinant interleukin-2 (rIL-2; Boehringer-Mannheim, Indianapolis, Ind.) per ml, and 1 mM aminoguanidine (Sigma) at 2 ϫ 10 5 cells/well. DCs infected for 18 to 24 h as described above were added to the cell cultures at 6.5 ϫ 10 3 to 7 ϫ 10 3 viable cells/well. After 2 to 3 days of culture, 100 l of medium was removed from each well and replaced with fresh medium containing IL-2. Cells were cultured for additional 3 to 4 days prior to cytoxic T lymphocyte (CTL) assays. The resultant cultures were typically 65 to 85% CD8
ϩ . Cytotoxicity assays. Lymphocytes harvested from 5 to 7-day stimulation cultures were tested in a 4-h 51 Cr release assay as described previously (33) . To prepare targets, macrophages uninfected or infected for 36 to 42 h were harvested as described above and labeled with 100 l of Na 51 CrO 4 (Amersham) in Teflon jars (Savillex, Minnetonka, Minn.) for 1 h at 37°C. Cells were washed three times with DMEM, added to wells of 96-well U-bottom plates (Corning) at 4 ϫ 10 3 cells/well, and allowed to adhere for 20 min prior to the addition of T cells. Cultured cells were added at various effector/target ratios in a total volume of 0.1 ml in DMEM supplemented with 10% certified FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 25 mM HEPES, and 50 M 2-mercaptoethanol, and the assay was carried out for 4 h. After 4 h, 85 l of supernatant was removed from each well without disturbing the cells and counted in a gamma counter. Spontaneous release was determined by culturing the target cells in medium alone, and the total release was determined by adding 0.1% Triton-X to target cells. The percent specific lysis was calculated by the formula: 100 ϫ (experimental counts per minute [cpm] Ϫ spontaneous cpm/total cpm Ϫ spontaneous cpm).
Statistics. The unpaired t test was used to compare naive and memory mice at each time point. For comparison of bacterial numbers in the lungs (see Fig. 2 ), log transformation of the CFU numbers was performed prior to analysis. Statistical analysis was performed using the Prism program (GraphPad Software, San Diego, Calif.). P values are shown on each figure, comparing data from naive and memory mice at each time point.
RESULTS
Establishment of memory immunity in M. tuberculosis-infected mice. A memory model was established by infecting C57BL/6 mice i.v. with approximately 2 ϫ 10 5 M. tuberculosis bacilli for 1 month, followed by the administration of the antibiotics isoniazid and pyrazinamide for 2 months. In accordance with previous data (3, 4, 30, 32) , this regimen of antimycobacterial drugs led to the reduction of bacterial numbers in the organs of mice to undetectable levels (Ͻ10 2 CFU as assessed by plating whole lung suspensions [data not shown]). Mice then were rested for 4 to 6 months. The apparent elimination of bacteria and the long duration of the rest period ensured that a stable pool of memory lymphocytes was established. At the end of the rest period, the lungs of memory immune mice closely resembled the lungs of naive agematched mice with low numbers of cells overall and relatively few CD4 ϩ and CD8 ϩ T cells (Fig. 1 ). Naive lymphocytes are small, recirculating lymphocytes, which do not express detectable levels of activation markers such as CD69 and CD25 and which express low levels of the effector-memory marker CD44. In contrast, memory lymphocytes generally express high levels of CD44 while lacking activation markers CD69 and CD25 (8, 9, 18 data not shown). Although we cannot exclude the possibility that the memory T cells are present in the blood circulating through the lungs and possibly contaminating our T-cell preparation, our data nonetheless demonstrate that memory lymphocytes were present either in the lung tissue or in the circulation surveying the lung. Activation of CD4 and CD8 T cells following M. tuberculosis challenge. We compared the kinetics of emergence and activation of CD8 ϩ T cells in the lungs of memory immune and naive mice following challenge with M. tuberculosis. At the end of the rest period, memory immune and naive mice were challenged with ϳ60 viable M. tuberculosis bacilli via aerosol and lungs were harvested 1, 2, and 3 weeks postchallenge. Previously, memory immune mice were shown to quickly control bacterial numbers in the spleen and lung following a secondary infection delivered i.v. (4), although not when the challenge was delivered via aerosol (16) . In our experiments, the bacterial loads in the lungs of immune or naive mice remained comparable for the first 2 weeks following aerosol challenge (Fig. 2) . At 2 weeks postchallenge, the lungs of memory immune mice contained ϳ10 6 bacteria, and no further increase in the CFU counts were observed at 7 weeks postchallenge. In contrast, the bacterial loads in the lungs of acutely infected mice continued to increase past 2 weeks postinfection and were ϳ10-fold higher than in the lungs of immune mice at 7 weeks postinfection (P Ͻ 0.001).
No increase in the total numbers of cells in the lungs was observed in either naive or drug-treated mice during the first week of aerosol challenge (Fig. 1) . By 2 weeks postchallenge, the number of cells in the lungs of both groups of mice began to increase, but the lungs of memory immune mice had threefold more cells compared to the lungs of nonimmune mice. The percentages of CD4 ϩ and CD8 ϩ T cells in the lungs of both groups of mice increased by up to 3 weeks postchallenge (Fig. 1) . These results indicate that both CD4 ϩ and CD8 ϩ T cells participate in the recall response to M. tuberculosis infection.
We examined the activation status of T cells in the lungs of infected mice by assessing the expression of the activation marker CD69 on the surface of T cells. CD69 is upregulated in response to engagement of the T-cell receptor by antigenpresenting cells. We found that 32.6% Ϯ 2.8% of CD4 ϩ T cells and 34.6% Ϯ 8.5% of CD8 ϩ T cells were also CD69 ϩ and therefore presumably active in the immune response in the lungs by the first week postchallenge. These numbers continued to increase throughout the duration of the experiment (Fig. 3B) . In contrast, lymphocytes harvested from the lungs of infected naive mice did not appear activated until week 2 postinfection; the percentages of CD69-expressing CD4 ϩ and CD8 ϩ T cells in the infected naive lungs at this time point were ϳ3-fold less than in the challenged memory lungs (Fig. 3A and  B) . Since there were more cells in the lungs of immune mice at this time point (Fig. 1) , this difference translates into substantially different overall numbers of activated lymphocytes in the lungs of naive and immune mice. The percentages of CD69-expressing T lymphocytes in the lungs of immune mice were higher than the percentages of activated T cells in the naive infected lungs at all time points examined (Fig. 3A and B) .
Emergence of cytokine-producing CD8 T cells during primary and memory immune responses. Protective immune responses during murine and human tuberculosis depend in part on the ability of T cells to produce cytokines such as IFN-␥ (15, 20, 23, 29) . We previously reported that lungs of naive mice infected i.v. contained mycobacterium-specific CD4 ϩ and CD8 ϩ T cells capable of rapid secretion of this cytokine upon TCR triggering (34) . To examine the emergence of cytokineproducing T-cell populations during primary and secondary immune responses to an aerosol challenge, lung cells from naive and immune mice were harvested at various times postchallenge and stimulated briefly (5 h) with anti-CD3 and anti-CD28 antibodies in the presence of monensin, followed by intracellular cytokine staining. This provides an estimate of the number of T cells in the lungs capable of producing IFN-␥ in the lungs if properly stimulated (34) . Under these conditions, cells from immune or naive mouse lungs did not produce detectable IFN-␥ prior to challenge (Fig. 4B, day 0) . Following aerosol M. tuberculosis challenge, the cytokine producing CD4 ϩ and CD8 ϩ T-cell populations in the lungs of naive mice developed with a delay compared to that previously reported for i.v.-infected mice (34) , and significant percentages of IFN-␥-producing CD4 ϩ and CD8 ϩ T cells did not appear until 3 weeks postinfection (Fig. 4A and B) . In marked contrast, CD4 ϩ and CD8 ϩ T cells capable of secreting IFN-␥ were present in the lungs of immune mice by as early as 1 week postchallenge; 30 to 35% of both CD4 ϩ and CD8 ϩ T cells in the lungs of challenged immune mice produced IFN-␥ in response to TCR stimulation at this and subsequent time points (Fig. 4A and B) .
In vivo cytokine production by memory CD8 ؉ T cells following challenge. To assess actual cytokine production by T cells in vivo, we cultured lung cells for 4 to 5 h in the presence of monensin without stimulation and assessed unstimulated ex vivo IFN-␥ production by intracellular staining, as previously described (34) . Under these conditions, the only IFN-␥-positive cells detected would be cells that were actively secreting cytokine in vivo immediately prior to harvest. Prior to challenge, T cells from the lungs of uninfected mice and immune mice did not produce IFN-␥ with or without stimulation ( (Fig. 4C ). In contrast, no significant unstimulated cytokine secretion by CD4 ϩ and CD8 ϩ T cells from the lungs of naive infected mice was observed for the first 2 weeks postinfection (Fig. 4C) . By the third week postinfection, however, the percentages of cytokine-producing T cells in the lungs of challenged memory immune and naive mice were comparable (Fig. 4C) . These results indicate that there is a rapid and robust recall response in the lungs of previously infected mice upon challenge with M. tuberculosis, and this memory response involves both CD4 ϩ and CD8 ϩ T-cell subsets. The data above suggest that similar percentages of memory CD4 ϩ and CD8 ϩ T cells are primed to produce IFN-␥ and that each subset is actively secreting this cytokine at the site of infection early in the secondary response.
Cytotoxic function of memory CD8 ؉ T cells. Previously, we demonstrated that lungs of acutely infected mice contain CD8
ϩ CTLs that can recognize and lyse M. tuberculosis-infected macrophages (33) . To examine whether the secondary response to M. tuberculosis challenge includes mycobacteriumspecific CTLs capable of lysing infected macrophages, the cells harvested from lungs of naive or immune mice at 3 weeks postchallenge were cultured with M. tuberculosis-infected DCs in the presence of IL-2 for 5 days. At the end of the culture period, resultant T-cell cultures were tested for cytotoxicity against M. tuberculosis-infected macrophages (Fig. 5) . Although several antigens have been shown to be recognized by mycobacterium-specific CD8 ϩ T cells (14, 28, 35, 39) , the antigenic repertoire recognized by CD8 ϩ T cells in tuberculosis remains largely uncharacterized. Therefore, we have used infected macrophages as targets for specific CD8 ϩ CTLs to ensure that complete spectrum of antigens is presented to T cells during the assay. The CD8 T cells cultured from the lungs of both naive and immune challenged mice at this time point (33, 34) . In this study, we provide evidence that M. tuberculosis infection leads to the development of memory CD8 ϩ and CD4 ϩ T-cell populations capable of rapid activation and effector function in the lungs upon challenge of mice. Our data indicate that CD8 ϩ T-cellmediated responses during secondary infection were significantly heightened compared to primary responses in the lungs. The numbers of CD8 ϩ T cells increased dramatically in the lungs shortly after challenge, and many of these CD8 ϩ T cells were producing IFN-␥.
Memory immunity can be established by subjecting M. tuberculosis-infected mice to a protracted course of antimycobacterial drug therapy. Upon secondary challenge, recall immune responses rapidly develop and result in enhanced control of the infection. There have been a limited number of studies that examined memory responses in M. tuberculosis-infected mice. The early studies (3, 30) used i.v. challenge with high doses of M. tuberculosis, and immune responses were assessed in the spleen and liver. During the first 7 days after challenge, the bacterial growth in these organs of memory immune mice occurred at a slower rate than that observed in the organs of naive mice (3, 30) . However, the natural route of infection with M. tuberculosis is via the respiratory tract, and the memory response in the lungs is likely to be most important in controlling infection. A more recent study compared the control of i.v. and aerosol challenges in memory immune mice and found that bacterial numbers in the lungs of mice challenged by aerosol were not controlled until after 2 weeks postinfection (16) . We also observed that during the first 2 weeks postaerosol challenge, the bacterial numbers increased in the lungs of both rechallenged and acutely infected mice at the same rate. However, after the second week postchallenge, memory immune mice established control over infection, while the bacterial numbers in the lungs of acutely infected mice continued to increase. By 7 weeks postchallenge, the bacterial numbers in the lungs of immune mice were 10-fold lower than in the challenged naive mice. The inability of the memory response in the lungs to control the initial replication of a secondary infection remains a challenge for vaccine design, particularly if the goal is to protect humans from airborne infection with M. tuberculosis.
Early reports on the memory response in the spleen following M. tuberculosis infection indicated that CD4 T cells were the primary cell type responsible for control of infection, and an increase in CD8 T cells after challenge was transient (3) . These studies concluded that CD8 T cells were not likely to play a significant role in the memory immune response to M. tuberculosis. However, the subsets of cells in the lungs responding to a secondary aerosol challenge were not studied. A recent report suggested that T cells from the spleen and the thoracic lymph nodes recognized different antigens following i.v. or aerosol challenge (16) . However, in these studies, antigens were provided for in vitro stimulation in a manner expected to favor CD4 T-cell responses. Responses in the lungs may be very different than in the spleen or liver.
A number of cell surface markers have been widely used to define memory and naive phenotypes of T cells in humans and mice (reviewed in reference 18). Generally, both memory and naive T cells are associated with low levels of expression of activation markers such as CD69 and the IL-2 receptor (CD25) (18) . In mice, the level of CD45RB expression is sometimes used to distinguish naive and memory lymphocytes. However, this phenotype is not reliable and can change with activation or cytokine treatment (10) . The expression of CD62L, an adhesion molecule, is another marker used for identifying naive T cells, and the loss of CD62L expression correlates with T-cell priming. However, CD62L expression is sometimes regained on memory cells (18) . The naive T-cell phenotype is also associated with low expression of CD44, a molecule that mediates binding to hyaluronan and promotes T-cell migration to sites of inflammation. CD44 expression increases upon primary T-cell stimulation and remains high on activated and memory cells for prolonged periods of time (8, 9) . We typically observe that once T cells upregulate CD44 expression during acute infection, it remains stable for up to 8 months (unpublished observations), making CD44 an attractive marker for differentiating memory and activated cells from their naive counterparts. Defining memory T lymphocytes as CD69 low CD25 low CD44 high , we detected small numbers of CD4 ϩ and CD8 ϩ T lymphocytes with these characteristics in the lungs and/or circulating blood within the lungs of previously infected, drugtreated mice prior to challenge.
CD69 expression is rapidly upregulated upon triggering of T-cell receptor reaching a peak at 24 to 48 h (5, 7, 27) and thus can be used as an indicator of T cells interacting with antigenpresenting cells. Upon challenge of memory immune mice with M. tuberculosis via aerosol, activation of both CD4 ϩ and CD8 ϩ T cells was observed as early as 1 week postinfection, and the expression of the activation marker CD69 was detected in approximately 30% of both T-cell subsets; this level was maintained for at least 3 weeks. In marked contrast, activated T cells were undetectable in the naive infected mice at this time point. Accelerated responses of activated CD4 ϩ and CD8 ϩ T cells in the lungs of the memory mice following M. tuberculosis challenge could be attributed to the increased frequencies of memory antigen-specific T cells and/or the ability of these cells to respond to lower antigenic doses or inflammatory stimuli compared to T cells undergoing primary activation (1) . Importantly, our results demonstrated that activation of memory CD8 ϩ T cells was evident in the lungs of memory immune mice shortly after challenge; the extent of CD8 ϩ T-cell engagement in the memory immune responses was similar to that of CD4 ϩ T cells. Surprisingly, despite the rapid activation of T cells, the cell numbers were similar between naive and memory mice in the first week postchallenge. Previously, a sharp increase in splenic CD4
ϩ and CD8 ϩ T-cell numbers was reported to occur 5 days after the i.v. challenge of immune mice (3). The delayed recruitment of cells to the lungs in our experiments may be related to the low dose of bacterial inoculum delivered. Under these conditions, inflammatory responses sufficient to induce cell migration into the infected lungs might not be established until later in infection.
Previously, cytokine production in the spleens of i.v.-challenged mice has been attributed exclusively to CD4 ϩ T cells (3). In those experiments, splenocytes were stimulated with mycobacterial short-term culture filtrate proteins and the ability of anti-CD4 or anti-CD8 antibodies to block IFN-␥ production was assessed. Spleen and thoracic lymph node T cells from memory immune mice were also stimulated with protein or peptide following aerosol challenge and shown to produce IFN-␥ (16). However, this choice of stimulation might not be optimal for induction of CD8 ϩ T-cell responses, since CD8 ϩ T cells do not generally respond well to soluble protein antigens. Our results demonstrated that a significant percentage of these cells produced IFN-␥ after stimulation with anti-CD3 and anti-CD28 antibodies. Since T-cell stimulations were carried out for only brief periods of time (Ͻ5 h), only primed and activated cells could respond to this treatment, as we described previously (34) . We observed that 30 to 35% of both CD4 ϩ and CD8 ϩ T cells were capable of secreting this cytokine upon stimulation as early as 1 week postchallenge, while significant cytokine production by T cells from acutely infected mice was not detected until week 3 postinfection. Our previous studies documented that a large percentage of these IFN-␥-producing CD4 and CD8 T cells were mycobacterium specific (34) . Therefore, the antimycobacterial memory response was comprised of both cytokine-producing CD4 ϩ and CD8 ϩ T cells, which were readily available once the inflammatory process was initiated. Moreover, memory CD8 ϩ T cells appeared to be actively secreting IFN-␥ in the infected lungs, as judged by production of this cytokine ex vivo without restimulation, and the percentage of cytokine-secreting CD8 ϩ and CD4 ϩ T cells was similar. In murine tuberculosis, IFN-␥ production is an essential component of the protective immune response; this cytokine activates macrophages to kill intracellular M. tuberculosis (2) . The early presence of CD8 ϩ T cells in the lungs of challenged mice secreting IFN-␥ suggests that these cells actively participate in the memory response by activating macrophages.
Apart from the ability to make cytokines, CD8 ϩ T cells may also function as CTLs; the development of CD8 ϩ CTLs during acute murine tuberculosis has been documented (17, 24, 33, 35, 36, 39) . We demonstrated that, 3 weeks postchallenge, the lungs of memory mice contained CD8
ϩ CTLs capable of recognizing and lysing M. tuberculosis-infected macrophages, indicating that CD8 ϩ T cells may contribute to protective memory immune responses in a dual fashion. Overall, the early emergence in the lungs of memory mice of activated effector CD4 ϩ and CD8 ϩ T-cell populations correlated with the ability of these mice to establish control of bacterial growth after the second week postchallenge.
Our results argue that an initial M. tuberculosis infection primes both a CD4 ϩ and a CD8 ϩ memory T-cell population. Clearly, this is true in humans, where both CD4 and CD8 T cells from the peripheral blood of previously infected individuals recognize mycobacterial antigens (reviewed in reference 21). However, it is more difficult to study the localized responses in the lungs of humans following reinfection with M. tuberculosis, so the populations which mobilize to this site are unknown. In this study we demonstrated that not only CD4 ϩ but also CD8 ϩ T cells are rapidly activated and deployed to the lung upon challenge with M. tuberculosis. These CD8 ϩ T cells secrete IFN-␥ and, at least at later time points, can recognize and lyse infected macrophages. Our results support the belief that the design and development of vaccines against tuberculosis should take into account all facets of the immune response, including CD8 ϩ T cells. However, our data confirm that this rapid and initial response in the lungs is not capable of preventing infection or controlling replication for at least 2 weeks postchallenge. Clearly, additional research into lungspecific immunity is necessary to design effective vaccines against tuberculosis.
